Digraph Isomorphisms and Free Space Optical Networks by Coudert, David et al.
DigraphIsomorphisms andFreeSpaceOpticalNetworks
David Coudert, Afonso Ferreira, Ste´phane Pe´rennes
To cite this version:
David Coudert, Afonso Ferreira, Ste´phane Pe´rennes. DigraphIsomorphisms andFreeSpaceOp-
ticalNetworks. [Research Report] RR-3817, INRIA. 1999. <inria-00072841>
HAL Id: inria-00072841
https://hal.inria.fr/inria-00072841
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de



























R ap por t  

de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Digraph Isomorphisms
and Free Space Optical Networks
D. Coudert — A. Ferreira — S. Pérennes
N° 3817
Novembre 1999
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)



























































































































n?ufga¡zbdrpt}?gkYm{zn?}|}|YAzgk`â¥ trtrC`ansnd}y1Y%zn?`wgwÊ Y'YAzgatdY5, d2¼­6% ndmkYndYAmAªgaT|Y%YX3YmkdYA}WzYEnd¦fzcfgwgk}WpÊ YAxf?Y
gkYAz{T|}WndrtnddtYA`hbd`87EYAmwgktzAbprEÇ+bLCgji qsc|ma¦JbdzYÊ 5GX:gwgk}W  b?`wYAmk`9(:7PÇUq 5  `;*<,Z=0fªk|Z2 ªWTW?T`wYA}W`wt|trgji
































bdmkz{TW©gkYAz¸gkc|mkY:bd}Wx6maYHzY}Cgu|mknd?maYH`a`PX#bdxfY#t}.ndufgknsYrtYgamknd}WtzA`, /H28bprtrtn¥ gaTWY)rtbLi?ndcfgynp¦ bO.H«u|mknpÊ
zYA`k`wn?mk`
zndX3u|rtYgkYﬀxftdm{bpu|TªYHbdz{Tu|mknfzYH`a`andm¹TWbLst}|P.1H gam{bp}W`kzYA?Ym{`(JzndmkmaYH`wund}Wx|}|«gkngkT|Y3.1H


































WmanCbdx|zAbd`wgat}|z,?/p2¼ªG?n?`k`wtu|t}|{, 2 bd}Wx YX
YAxWxf}W{, 2vn?}¤gkT|t`#x|?mkbdu|T b?`3¥%YArr bd`3n?}uWbdmkbdrrtYr
bdr?ndmk©gkT|X#`U¦ÄndmP©g|,Z=/fªk1T2 ­ Ù|c|magaTWYmkX:n?maY?ªWgPTWb?`vYYA}cW`aYAxganﬃ|c|trtxLbdmatndc1` X
c|rgaÊ°`jg{bpdY
}CgaYAmwÊ
znd}|}WYAz¸gkn?})}|Ygj¥%n?maÁf`GrttÁdYP+cfgagaYAmk}WiO, 1T2¼ªfqsTscY~#Y}WYg, /CA2âbp}WxﬃÚ5"%  58S,?/?=2bd}Wx)bpr¡`angan|c|trtx
ôô * 5
!/
H     .4)³¸¶ D )³¸³*)µ¬³a²	"
 ³*)R )	
¦ÄcWrrti`kzbdrtbd|rtY¹}|Ygj¥+ndmkÁf`Unp¦Gbp}siﬃ`at§Y,?/1/=2bp}Wx«?Ymki)rtbdma?Y¹|cW`h}|Ygj¥+ndmkÁf` , /2¼­5%«ndmkY¹t}?gkYmkYA`wgat}|drtidª
























¯ gkndT)xftdm{bpuWTO, /1T2 ªCbx|?mkbdu|T3t`k`wcWYAx3¦ÄmkndXgaT|YPX3}|tX
cWXÊ°xf¡bpX3YgkYm%X3bpefXc|X:Ê `a§AYvu|mknd|rtYX bp}1x


































}Wnpg nd}|rti)n?ufgatX#bpr¼ª||cfghbdrt`an3dYmki#YW)zYA}?g ¦Än?m u|m{bdz¸gktzAbprbprtc|YA`Aª|bd`Ugv¥ trr®Yxf¡`azcW`k`wYHxﬀr¡bgkYmH­
SUT|¡`Gu1bpuYm8¡`Gn?maCbp}|t§YHxb?`E¦Än?rrtn¥v`­¯°}ﬀqsYAzgatnd}I/|ª?¥+YvdtdYUgkT|Yv?mkbdu|T:gaT|YAndmkYga¡zbdr|X#bdz{T|t}|YAmai
































































	p³Cµ		²®³*) )ﬀf²?½ )ﬂﬁﬃ1¶¼µJ½{²¾ )¶! "³# 0
SUT|Y¹}WYesgvu1YAmaXcfgkbpgatnd}¥ rtr®Y¹cW`aYAxﬀ¦ÄmaYHÐ?cWY}CgartiC
 Ô º¬ Ø º	
 )O Eµ¬¾¬¾ $)¶ ) ¶K )6½ 1¾ )R )RW¶  )³
 .f¶ ²p¶µsc Z
N
4)> );±´¸·EI\
Ë bﬂb `   	 . 	 .W²p¾¬¾è·E  Eµ¬¾¬¾*´+):²¾?	R34)RG¶ ) % 
-. - :65= =&8ﬁﬀ
6ﬂﬃF8! #"96%$'&>=
Ú\tdYA})b¹xftdm{bpu|T)(w\ +*G-,3aªfbp}1xeOn.* ¥%Y ¥ trrxfYA}|npgkY8p
q/
Ke®gaT|Yh`aYg%np¦gaT|YPndcfgaÊ¼}WYtdTs1n?mk`*nd¦
eª|¼­ Y?­ ]10ﬂn2*8se!0"n,d?­EÎÀTWY}gaT|Yx|?mkbdu|T(~¡` zrtYAbpmU¦ÄmkndX'gaT|Yznd}CgaYeCg ¥+Y¹`wtX3u|rixfY}WnpgaY
prq+sea­
 Ô º¬ Ø º	35476!8:9  )\xfY
+mkc| oj} µd³a²E)¼Wk«059$)!d³*) )\²G µJ² )¶ )³h µ	4)> );












e l v8kvyn Z [ d  






































































½?C .Y½¶¼µs¢²G 4)b ³ .fµ C
 µd³a²1	:²G#¾©µ  )|µd³a²1	  
hnpgktzY








 )ﬀ] YAxWxfiCÊ ]vbddTWbLbd}fÊUycWT|r9µd³a²Hhh J1wË*ﬀ| $)!d³*) ) c Eµ¬¶KÌË
4$)
	  µ	



































]¶K )R±¶s )O .f¶GJV )µ|´p³	 9e µ .ﬀ1a«ﬀ²p³*) ²=		RA½µJ²¶ )¢¶S/.Y)´+)³	I!ﬀ¶K )
p³
KHjk%_ymYkon±   9p¶ )
²¾?	R3¶Ks²p¶G¶sCµ	¹½xd³ ./)1¶"4)>Wµ¬¶¼µsÌµ	 	R	)¶¼µ 	)
	½+	¸µs$)³*))²	
¶K )<	¸¶ ²G?²³3 )P³










$ J¤1a 09 4)p³+)+):À² µJ²	)¶ )³ µ	 4)> );
²	ﬀ²Spµp³a²
z ¶s )I	)¶; )³¸¶¼µJ½ )


























 )P¯°X#bd`aY¹bp}Wxﬃ¯ gan?T µd³a²
"$"1wË*ﬀ@<$)p³*) )PP Eµ¬¶K3Ë{4$)
	 8µ	¹¶K )
pµp³k²O Eµ¬¶K<; )³¸¶ )-I	()¶ Z
N




¯ gvTWb?`U1YAY} `aT|n¥ }ﬃt} , /|Z2âgkTWbg"&"1¼Wk XhgDi¼djB`paGt`U¡`wn?X3ndmku|T|¡zhgknJ¤1a a­
ôô * 5
!/



















Ê3£W}Wbdrrti)gkT|Y¹rYgwgkYm np¦Eb:dtdYA}ﬀ£|efYHxﬀun?`a©gkn?}ﬃ¡` mkYu|r¡bdzYAxﬃsiﬀbp}«bpmk|gam{bpmki#rYgwgaYAm np¦"Z [ ­


























; )³¸¶µJ½ )	 3²ﬀ4)!  "p³=	 !v¾ )Rxd¶K¹ IZ
[
ﬃ	 .W½


































































































































	p³Cµ		²®³*) )ﬀf²?½ )ﬂﬁﬃ1¶¼µJ½{²¾ )¶! "³# 

















GkGkRkcnfZ [ d?ª®¥ TWYmkY
 m ª7DhnPZ
X
ª|¡`vb:u1YAmaXcfgkbpgatnd}nd} Z [ ªft`vt`andX3ndmku|T|¡zhgan))¼Wk«a­
&  Ø('GØ 1¬ Ø º~@EA@B9  )pµp³a²
ﬀ	P)¼Wk«y²G "&"1aYXPy²p³*)µ	Rp³?µJ½  






(J`aYYﬃ]vYX#bpmkÁM/|­ .x*y}¥ T|tz{T.¦Än?m cncZ
N
kprq+ \ ]ﬀb¹¼`<j vE"b `d;_m'v n d?ªgkTWbg:t`
prq+ﬃ\Q]xbv`hbHk84` mYk{m±d?ªpSUTWt`t`gaTWY%xfY£W}|gatnd}




 Ø  Ø 3 3Jf Õ @V[Z 9  )µd³a²
1	hﬀ1a«ﬀ hh J¤1aYXhy²G "$"1aYXPy²p³*)
µ	p³CµJ½ 
Sn¢trtrcW`wgam{bgkYﬃn?c|m:u|c|mku1nC`wY?ª8Ù?c|maY6Z«`wT|n¥v`
gaTWY«x|?mkbdu|T) ?ffy¥ T|tz{T t`:¡`wn?X3ndmku|T|¡z#gan









     .4)³¸¶ D )³¸³*)µ¬³a²	"
 ³*)R )	
0 1 2 3 4 5 6 7
Ùtdc|mkYy+CE¯w¯Uxftdm{bpu|Tﬃnp¦ExfY?maYAY /|ªWxf¡bpX3YgkYmv3bp}1xﬃ:}|nfxfYH`­


























s ¶sCµ	ﬃ¾èµ  )k²p³I#²Ïµ	²		H½µJ²¶ );y Eµ¬¶s²3 )³








































)¶Wk nﬀ 6pµ3; )R6²< )³
 .f¶°²¶¼µs(ﬂ  Z
X
%²  )³
















ﬁﬂﬀE ﬁW f²=	4)d³*) )h.² !)9 Eµ¬¾¬¾D	²·#¶Ks²p¶%µ¬¶hs²	9µ 	)	{µs  
ﬃÔ
.fXWl@Vq















)¶$# ´+)¹¶K )8 )³
 .f¶°²¶¼µsM Z
X
$)" )ﬃ´·#&% D(' b Djf`
)+*-,
E:²GE"s ´+) ¶K )µs4)RW¶¼µ¬¶·  )³



















































 ) d³a²H(Q\ﬃﬁﬂﬀE ﬁW  Eµ¬¶s4)p³+)+)%«²G|µ 	)R+	¸µs: µ	 µ	p³CµJ½y¶
ﬀ1a«+µ v²91¾è·¹µ ﬂÌµ	v²½·d½¾èµJ½> )³
 .f¶ ²p¶µs "Z
X
  ﬁU¶s )³




	p³Cµ		²®³*) )ﬀf²?½ )ﬂﬁﬃ1¶¼µJ½{²¾ )¶! "³# 


















q ip ﬁWﬃ\ gji 1 D jB`p6\FD jB`
/f­ gDiL5ﬁ| \ _ (s&hY}WzY
b
gDiL C"!pﬃ\ C l *
 YgﬀcW`ﬀznd}1`w¡xfYm)gaT|YÌx|?mkbdu|T ¡`andX3ndmku|T|¡`wX }Wx|cWzYHx Ci
b 











































gkT|Y#nd}WY:nd¦U  1a v¥ T|tz{T.¡`yt`andX3n?mau|TWtz















 ﬂ µ	I¶½·d½¾èµJ½  ﬃ
ﬁﬂ0Ed3µ	3G¶½ ){½¶ )  Pp³*) ; )³ µ¬¶½{² ´+)1³ ; )
¶Ks²p¶&){²?½








ﬁﬂﬀ"C1@?f¥ T|¡z{TÏ¡`ﬀ¡`wn?X3ndmku|T|¡z«gan±)1|aª\bp}Wx gkT|Y} bp} bdru|T1bpYgx|?mkbdu|T




































































ZAT     .4)³¸¶ D )³¸³*)µ¬³a²	"
 ³*)R )	
SUT|Y\uYmkX
cfg{bgatnd}ﬂ3bd`k`ansztbpgaYHx3¥ ©gkT(ﬂªCcW`wYHx#t}ﬃlEmkndun?`a©gkn?})|­ ﬂ(Ä¼­ Yd­tª Dkﬃ\3ﬂ
m
 ?s*ªst`+`wc1z{T



























































































































































¯ ¦¥%YUxfY£W}|Y+gaT|Y+¦Äc|}1z¸gatnd} ¹bd`k`ansztbpgaYHx¹gan ﬂ#siDkﬃ\3ﬂ
m
k`daªp¥+YUdYg K_|ﬃ\ k`d \ ﬁ?sﬃ\w`dª
TWY}WzY)t`v}|npghb#ziszr¡z\u1YAmaXcfgkbpgatnd}«np¦"Z
 


























































ÙtdcWmaY<0YCESUT|Yx|?mkbdu|T  np¦Ye|bpX3u|rtY¹|­ |­?/fªf¥ T|YA}\F?
  .0/ &  6%" ﬀ &>8 4 Vﬀ 4 ﬃF" 
Í
	 "+®CU¡`¹bﬃ¦ÄmaYAYÊ°`wu1bdzYndufgktzAbprG`aif`jgkYX ¥ T|¡z{T.bprtrn¥v`\nd}WYÊ¼ganpÊ nd}WYzn?X3X
c|}|¡zbpgatnd}W`P¦ÄmkndX
?man?c|uW` nd¦:gam{bp}W`aX3©gagaYAmk`hnd}Cgan3?man?c|uW` nd¦mkYAzYtdYm{`Aª|cW`a}|yj3rtY}W`aYA`A­hSUT|¡`Pbdmkz{TW©gkYAz¸gkc|mkY





































































































































































Z=/     .4)³¸¶ D )³¸³*)µ¬³a²	"
 ³*)R )	
  . -   ; 2 ;  a:6#2 ﬃ49=
 Yg \  s­#SUT|Y)Í
	 "a+® Cvbdmkz{T|gaYHz¸gkc|maY3zn?}|}|YHz¸gk`¨gkmkbd}W`aX:gwgkYm¹c|}W©g{`ynp¦+gaT|Y3u|mknfzYA`k`andm{`
gkn mkYAzYtdYAm)c|}|gk`ﬀnp¦ygaT|Y6`abdX3YÌ`wYgﬀnp¦¹u|mknfzYH`a`andm{`­ SUT|YÌt}CgaYAmkznd}|}|YHz¸gkn?}±}WYgj¥+ndmkÁ zbd}À1Y
¦Än?maX#bdrrtixfY£1}|YAx.bd`\¦Än?rrtn¥v`A­#Ú\tdYA}bx|YdmkYY3`acWz{T6gaTWbpgxftC¡xfYH`¢ªrYg   sk|vY3gaT|Y





























 Yg (Q\ G*8ﬁ,3YPb




	 "a+  CÊ¼r¡bLidn?cfgE©¦®bp}1x3nd}|rti
¦âgaT|YAmaYhYeft`wg)bd}Wx \¥ ©gkT  \ﬃ
bd}Wx bp}À¡`wn?X3ndmku|T|¡`wX ¦ÄmkndX ( \ +*G-,3
n?}?gkn   sk|k­ Î6YmkYX#bpmkÁ¤gkTWbgﬀ¦ ( bdxfX3gk`)bd}
Í
	 "+®CJÊ rtbLi?ndcfg*gaTWY}<(gTWb?`8bd}ﬀÍ
	 "Us®JÊ rtbLi?ndcfgHªp¥ T|YAmaY'(g¡`8gaT|Yhx|?mkbdu|T3ndfg{bpt}|YAx3si
mkY?Ym{`wt}|:bprtrgaT|YbdmkzA`Unp¦%(:­
Î6Y maYHzbdrr%gaTWbpg#©g)TWb?`:1YAY}±u|man?YAx¤gaTWbpg:gkT|Y«¯°X#bd`aYbd}Wx¯ gkndT xftdm{bpu|T®ª<"$"1wË*kª%¥ gaT±Ë
}Wnsx|YA`np¦hxfYAdmkYYﬀ1ªGTWb?`bd} Í













Ëkª1¥ T|¡z{T«t`Pbpr¡`wn3?YmkiﬀYW)zYA}?g ¦Än?mvu|m{bdzga¡zbprLbdrcWYA`A­8Î6YmaYAX#bpmkÁ)gaT1bg gaTWYbprtc|YA`
nd¦ .bd}WxﬃxfYgaYAmaX3t}|Y)bpr¡`wngkT|Y)`wt§Y#nd¦%gkT|Y#rtY}W`aYA`¹bd}WxâªCigaYAz{TW}|ndrtnd?tzAbprEzn?}W`w¡xfYAmkbpgatnd}W`Aª®gt`
uWmaY¦ÄYm{bp|rtYhgkn#¥%n?maÁ#¥ gaT«rtY}W`aYA`Und¦*bdrX3nC`jg `abdX3Yy`at§Yﬂ(Ä¼­ Yd­tª    *­











	 "a+  CJÊ r¡bLidndc|gA­SUTWt`y¥Ubd`yu|mkYAx|tzgkbpWrY:1YHzbdcW`wY3gt`¹bdX3nd}|ﬃgaT|Y#YA`wg¹Ás}|n¥ }6znd}fÊ
`wgamkcWzgatnd}W`+¦Än?mUgaT|Yzrtb?`a`atz\xfYAdmkYYÊ°xf¡bpX3YgkYmUu|mknd|rtYX , 2¼­
ÙWndm%£|efYAx)xfYAdmkYYh1ªfxf¡bpX3YgkYmU ªfbp}Wx#}sc|X1YAm%nd¦®}|nfxfYA`%Ë \ÏYXPªs¥%Yh¦Ändc|}Wxﬃ`wYAdYAmkbdrWxftdm{bpu|TW`
¤ ®saWaª?¥ ©gkT  \ÀYX q i%¦Än?mGxf 'YmkY}Cg8bdrc|YH`*np¦#bp}Wx y`acWz{T
gkTWbg%1ndgaT #bp}Wx P¥%YAmaYUun¥%YAmk`
nd¦1­E¿vrtrfgaT|YH`wY xftdm{bpuWTW`*TWbpuWu1YA}|YAxganyY t`andX3n?mau|TWtz8ganﬀ1a«k­*¿P`Gbp}:Ye|bdX:uWrY?ª ﬁ?|@?   | ?skª
¤
W4` ? |@?f%bp}1x ` W $?|@?f+bpmkY:t`andX3ndmku|T|¡z¹gkn )ﬁ?| |a­:¯°}ÌgkT|Y3}|Yesg`wYHz¸gkn?}®ª®¥+Y:¥ trtrEu|man?Y





































































ZA0pﬀ. / Z=0p1. U¹bdcfga§
 \ `4_
Sbp|rtY3Z1C ®s@?sE¥ gaT xf¡bpX3YgkYmvWª|:bd}Wx6Z4TW­
  .   	

ﬀ 8 ;#4	 
  !X:6<2 ﬃ4 2 "   " ﬃ 8 ;  >8 #" 6 $d& =
¯°}6gkT|t`
`wYHz¸gatnd}6¥+Y)z{TWbpm{bdzgaYmkt§Y:Í
















   sk|µ	«µ	Rp³?µJ½6¶Vﬀﬃ
ﬁﬂE  \ﬃbw`pﬀ r )³*) Éµ	 ¶K )
½ ¾ )	)RW¶+ )³
 .f¶°²¶¼µsﬀ²	5$)" )yµ   )"Wµ¬¶¼µs)a  
6
²G  r )³+)v¶K )  )³
 .f¶°²¶¼µsﬂÌµ	 4)> );
 Z
X
-\  \j  \b `G²	#¾¬¾  r	
i









 \+b ` µ HD \  \+b ` ﬃ


























	 "U ®Cbdmkz{TW©gkYAz¸gkc|mkY8zn?}|}|YAzgk` ?man?c|uW`np¦ Ugkmkbd}W`wX3gwgkYm{`®gkn  ?man?c|uW`®nd¦
:mkYAzYtdYm{`Aªp`wcWz{TgaT1bgEgaTWYUgam{bp}W`aX3©gagaYm  D{ ﬁWaªx_m D=n ®ªx_mﬁnsªp¡`Gzn?}|}|YHz¸gaYHxgknygaT|Y mkYAzYtdYAm
 @bﬂﬁ b `d  b(Db `pa­E] YAX#bpmkÁ
gkTWbgvDkT1bd`%rYA}|pgkT  \bp}1xﬀv ﬁW*TWbd`%rYA}|pgkT \¼­ESUT|Y}®ªs¥+Yhr¡bpYr
gkmkbd}W`kzYtdYAm% D{ ﬁWâCiﬁvDkﬂv5ﬁ|kªpnp¦rYA}|pgkT  \!j \J­*¿h`ﬃv  bﬁrb `p \ v5ﬁ|®bd}Wxﬁv b Dﬀb3`d\ vDkaª






















SUTWt`%}|nfxfYhT1bd`EgkT|Yvgkmkbd}W`aX:gwgkYm{`5]CD{a B}jOvEk"vyn Z>[d?ªC¥ T|¡z{TﬀbpmkYvr¡bpYrtYAx#si:gaT|Y\`wYg%nd¦`jgkmat}|?`
ôô * 5
!/
Z4H     .4)³¸¶ D )³¸³*)µ¬³a²	"
 ³*)R )	
] vDkﬂv BﬂvKvEa v nyZ [ d?­ySUTCc1`ªgkT|Y
gkmkbd}W`aX:gwgkYm{`vnd¦GgaT|Y:}|nfxfY vDkﬂv B%¡`yzn?}|}|YAzgaYHx«ganﬃgaT|Y
mkYAzYtdYAmk`|] vﬁB vsvE vDka<vnBZ [ dC­  YgﬁvDk \ v  ﬂvGkGkª¥ TWYmkYﬀv  Pt`b`jgkmat}|nd¦ rYA}|pgkT

\
b `:bp}Wx kfnyZ [ ­PÎ¢Y:TWbL?Y] v BﬂvKvEﬂv Dak vfn Z [ d9\ ] v BﬂvKvEﬂv  ﬂvGkGk vfn Z [ d:bp}1x
gkT|YA`aYymaYHzYA?Ym{`%Yrtnd}Wgkn:gaT|Y¹}|nfxfYH` ] v BﬂvKvEﬂv  k@vyn Z>[d?­















e l ªGe m n Z [ ª¥%Y

























































²I1¾è·#µ ¹¶K )8 )³
 .f¶ ²p¶µs'ﬂ  Z
X
4)> )´¸·




D j  \ µ HDPn  \+b ` ﬃ























bd}Wx#xftX3Y}W`an?}) t`8t`andX3n?mau|TWtz+gkn¹gaT|YPxfYP+mkc| oj})x|?mkbdu|T#)1a ¥ T|YA}
ﬂt` zifzrttzd­GSUT|Yzn?man?rr¡bpmki:¦Ändrtrn¥v`A­
















































)¶  \ \
X
t
²  \ \
X
t
j`& z6³I ).²y4)d³*) )#9µ ¶K )OpµJ²	)¶ )³#^µ	








aWy²p³*)¹µ	Rp³?µJ½ v²G)¶s )³+)p³*) )1a  s²	
²Í
	 "a+® C-J°¾²·1 .f¶" Eµ¬¶K





	p³Cµ		²®³*) )ﬀf²?½ )ﬂﬁﬃ1¶¼µJ½{²¾ )¶! "³# Z=0



























bd}Wx.nd}WYﬀzbd}YAbd`atri6dYAma¦ÄiÌgkTWbg ﬂ t`zifzrttzd­ÌSUTscW`Aªc1`wt}|6Ç%n?man?rr¡bpmki HW­?/fªgkT|Yﬀ¡`wn?X3ndmku|T|¡`wX/t`
?Ymk©£1YAxâ­






































































Ùtdc|mkY +Cﬀﬁ?| |®¥ gaT:gkT|Y bdxLowb?zY}1zimkYr¡bgkn?}













ÎÀT|YA}«gaT|YxftbdX3YgaYAmh Q`¹¡` nfx|xâªWsilEman?u1nC`wgatnd} H1­ WªW)¼Wk«+bd}Wx   saW%zAbp}|}|ndgv1Y
¡`andX3ndmku|T|¡z¹¥ gaT P\ s­¹SUT|Y3zbd`aY¥ T|YAmaY






























































¡`ﬀYAdY}ª cW`wt}|ÀÇ%ndmkndrtrtbdmai H1­ H1ªUgaT|Y¢X3}|tX



























	p³Cµ		²®³*) )ﬀf²?½ )ﬂﬁﬃ1¶¼µJ½{²¾ )¶! "³# Z
 \ 

bd}Wx  \ j \jbo`ﬂ\'I*¸­«Ç%nd}W`aYAÐCc|YA}?gkri?ªt}6gaT|Y)zAbd`aY:¥ TWYmkY) t`u|matX3YdªgaT|¡`¹tX:uWrtYA`b
z{T1bpm{bdz¸gkYmk§Hbgkn?}nd¦GgaTWY3Í
	 "a+® CÊ¼r¡bLidn?cfghnd¦GgaT|Y3xfY3+mac| oj}®­ÙWndmPgaT|Y:npgkT|Ymyzb?`wYH`ªnd}WYzn?c|r¡x
znd}W`a¡xfYm#Í






ÇP­1%YAma?Yd­ $ ³a² )	{­++ndm{x|bd`AªZAd?|­
, /2 pÊwÇP­+YmkX3nd}Wx®ª]¹­È\bL¥%YH`ªbp}WxÙ+­%5Emkdt}Wzbd}®­hÈPY+mkc| oj}¢bp}Wx U¹bdcfga§
|cW`P}|Ygj¥+ndmkÁf`­  )¶GJ
 "p³#4	¸ª1T+C?/Tx0+/fZAWª|ZA?Cf­
, 2 pÊwÇ %YAmaX3n?}Wxbp}1xl­®Ù|m{bptd}|¡bpcWx®­P+manCbdx|zAbd`wgat}|)bp}1x¢Ú\n?`k`au|t}|)t}¢x|Y:+mkc| oj}¢vYgj¥+ndmkÁf`­
Yﬀ + .f³
²¾  >  .f¶¼µ xdª/d(jZ=*
C?/fZ=/Y/ﬀ/10|ªWZA?H1­




²¾jI6d²¶¼µs	 !>  .f¶ )³
â½µ-)R½ ) >1 ){½µJ²p¾G
	;	 ./) W¶ )³k½; )k½¶¼µsI)¶! "³#A	{ª1(K/ﬀ*
CtZ4T?	Z?Z4.WªWZA?Cf­















qfis`wgaYAX ¦Än?mﬂ7EYmaga¡zbdr 5EX3©gagaYAmk`A­ ﬁ@7
9
µJ½k²p¾ ) )¶µ  z ﬁﬃ1¶¼µJ½




















































²¾ﬃy¶K )    ªW?+C dWZs1H?WªWZA?ﬀ/|­
,tZA/2ÇP­WÇ%nsndrtYi#bd}Wx W­fScWz{Á?Yi?­¿v}bprtdndmkgaT|XÉ¦Ändm%gaTWYPX#bdz{TW}|Yyzbdrtzc|r¡bgatnd}ﬀnp¦zndX3u|rtYe)Ù|n?c|matYm
`aYmktYA`A­ Ì²p¶s )#²¶¼µJ½
	! >  .f¶°²¶¼µs1ª®ZAC /dCf1TWZdªWZHdx0f­
ôô * 5
!/













v²³a²p¾¬¾ )¾ +³H½ )






¥UbLdYhYgj¥+ndmkÁf`­%¯°}  |­] ndrtXÆYg\bpr¼­ª1YAxfgan?mAª +³H½+) )µ  	¶K )  ³#A	;Yz{ﬁﬃ1¶¼µJ½
	²G
>  .f¶ )³O½µ-)R½ ) 6 f`fKfpªPdndrtc|X3YZA0d1. nd¦  ){½¶ﬂ.f³*)39¶ )	«µ  >  .f¶ )³ ½µ-)½+)ª uWbddYA`
?Cs|ZAT|­fqsu|mk}WdYm 7EYAmar¡bp1ª|bpu|myZA?dW­
,tZA02yl­dÈ\bpuWÁCc1`ª1%.­1%bdzÈPndcW?bpr¼ªdÚ:­8bp}WWªpbp}1x:­?Ç%T|Y}|1­|Åvrgam{bprtn¥.gaT|mkYA`aT|n?rtx7PÇUq 5  `¦Än?mGbpufÊ
uWr¡zbpgatnd}gany`wX#bpmag*u|©efYArt`A­f¯°}IG3²p³¸¶
+µ I )¾?	 9 ){½ﬀ1µJ½k²p¾ﬀ 
µ$)	¸¶ªpu1bpdY50fªUyYAif`jgknd}|Y?ª?Ç%ndrtndm{bdxfn1ª
¿hc|dc1`jg 0Ê ﬃZA?1.|­s¯ 5 5!5hE  5
Â
q qsc|X3X3YmvSndu|¡zbdr %«YYgat}|?`A­






















































³a²+	²d½¶µs+	ﬃ>  .f¶ )³	¸ªWﬀT(s.x*
C H??	xHﬀHx/|ª  dc|}|Y3ZA?|Zd­


































Ç%n?X3uWbpmkt`and}ﬀgan 5ErtYAzgamknd}|¡z\¯°X3u|rYAX3Y}Cgkbpgatnd}W`A­@	 .1´:µ¬¶¶ )#¶V@ﬀ1¾èµ-)Sﬁﬃ1¶¼µJ½
	¸ª|¿vuWmatrGZA?Cf­











	p³Cµ		²®³*) )ﬀf²?½ )ﬂﬁﬃ1¶¼µJ½{²¾ )¶! "³# ZH
,?/.2% 5"%q
Â
ufgktzAbprâ¯°}Wzd­ET?gagauDCFE1E¥ ¥ ¥¹­ X3YAX3`andu|ga¡zbpr¼­ zndXIEf­




hYgj¥+ndmkÁf`­      9 
i
 µ	½³*)¶ )E@ﬀ1¾èµ-) Ì²¶K )R3²p¶µJ½	6²3 #´µ ²p¶p³¸µJ²¾ﬁﬃ )³a²p¶µs+	
 )
	(){²³k½




²p¶µs²p¾>1)³*)½ )ﬂ  ²p³a²¾¬¾ )¾ +³;A½ )	;	¸µ  pªâuWbddYH`ZA0HZA0?f­f¯ 5 5 5
Ç%n?X3u|cfgaYAmPqsnfztYgjiﬃlEmaYH`a`AªâZA?dW­
, 1T2  W­W] cWX:YAc|mH­   .YWµJ½{²p¶µs+	9d²+	¹¾ )	y³@
	(){² .`I 4)81³H½ )
		()(.f³	{­"%bd`k`wn?}®ªâZA?HW­
, |ZR2yÙ+­qsc|dtTs¥%n1ª%.­  bpm{`wn?}®ª|bp}1x  |­&Pbpmkma¡`A­  n¥ SUT|mkYA`aT|ndr¡x«Ç%n?}Cgat}CcWndcW`ariﬃSc|}1bp|rtY<7EYmaga¡zbdr©Ê
Ç+bLsgjiCÊ°qscWmw¦Jb?zYÊ 5EX3gwgat}|dÊ  bd`aYm{`8¥ gaT¤ZH|­tZ}|X Î6bL?YrtY}|dgaT ]vbp}WdYd­@ﬀ1¾èµ-) h?·=	¸µJ½	  )¶GJ
¶ )³	{ªT+C?0HfsªZA?Cs­
, ﬀ/2%­qsif`wÁbW­   .YWµJ½{²p¶µs+	Id²+	#¾ )	)²p³a½?µ¬¶ )k½¶ﬂ.f³*)
	  Rpµ¬³*) µ	¸¶³¸µ´.  )­ﬃlETWÈ gkT|YA`a¡`ª
Åh}|tdYm{`a©gk_yx|Yv¡zYyÊ%qsn?u|T|¡b:¿h}Cgatu1n?r¡`ªZAdx/f­TCgwgau C?EﬀEL¥ ¥ ¥¹­ YA`k`w¼­ ¦ÄmE \`aif`wÁb EL|t|rtn1­ TCgaX3r¼­





mkYtm{b|ªYAx|©gkndm{`ªjﬁﬃ1¶¼µJ½{²¾ﬀW¶ )³k½; )k½¶¼µs+	v²> ²p³a²¾¬¾ )¾7+³H½+)		¸µ x
i
9
³*)=	v²¶¶s )"W¶ )³ ²?½+)ª




ufgktzAbprâSmkbd}W`wun?`aYv¯°}CgaYAmkznd}|}WYAz¸gkn?}ﬃqsif`wgaYX«­®¯°} Ì²=		¸µ3; )¾è·  ²p³a²¾¬¾ )¾ +³;A½ )	;	¸µ  	. 	¸µ x
ﬁﬃ¶µJ½{²¾+W¶ )³a½ ){½¶µs+	¸ªdu1bpdYH` ZdZ4HZA/fZ?ª1% bpcWª &hbL¥Ubptª
Â




Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - B.P. 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - B.P. 101 - 54602 Villers lès Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot St Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - B.P. 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, B.P. 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
